Degenerate primers were designed based on known sequence information for the circoviruses psittacine beak and feather disease virus and porcine circovirus and applied by polymerase chain reaction (PCR) to known virus-infected bursa of Fabricius (BF) from a pigeon. A 548-bp DNA fragment was amplified and shown to be specific to a novel circovirus, named pigeon circovirus (PiCV), and was used to produce sensitive and specific probes for detection of circovirus DNA by in situ hybridization (ISH). Using ISH on BF from 107 pigeons submitted for necropsy, infection was detected in 89%, compared with a histologic detection rate of 66%. Using the ISH technique, infected cells were also found in liver, kidney, trachea, lung, brain, crop, intestine, spleen, bone marrow, and heart of some birds. Large quantities of DNA were present in some of these tissues, and in the absence of BF, liver in particular is identified as a potentially useful organ to examine for presence of PiCV. This high prevalence of infection in diseased birds is noteworthy, emphasizing the need for studies to determine the precise role of this virus as a disease-producing agent.
Infection of pigeons by a circovirus-like virus was
first reported in 1993. 16 Circovirus-like infection was subsequently described in pigeons from Canada, Australia, 17 and Northern Ireland 12 and has since been reported in several other European countries. [2] [3] [4] 13 Based on the size of the virus particles, the associated pathologic features, and the demonstration of low-level DNA homology with the circovirus psittacine beak and feather disease virus (BFDV), the virus infecting pigeons was included tentatively as a fourth member of the circovirus family, designated pigeon circovirus (PiCV). 14 There are currently no serological tests for diagnosis of circovirus infection in pigeons, and the virus has not yet been grown in vitro. At the present time, diagnosis of this infection is dependent upon either recognition of the characteristic botryoid inclusion bodies in histologic sections of lymphoid tissue, 18 which have been shown by several workers to consist of paracrystalline arrays of virus particle, or by negative contrast electronmicroscopy of the bursa of Fabricius 4 or presumably of other infected samples. In situ hybridization (ISH) using DNA probes that detect BFDV has been used successfully to label circovirus DNA in pigeons in one study, 17 but in other studies, negative results were obtained using BFDV probes. 10, 16 More consistent detection by ISH has very recently been re-ported using a generic circovirus probe, but no information is provided about the probe. 15 The present report describes sensitive and specific detection of pigeon circovirus infection by ISH using circovirus-specific DNA probes. Application of the probes by ISH to bursa of Fabricius (BF) from 107 pigeons showed that pigeon circovirus infection is almost certainly underdiagnosed by the use of histologic examination alone. Furthermore, large quantities of circoviral DNA were demonstrated in nonlymphoid organs of some birds.
Materials and methods

Pigeons and examinations
The BF was collected from 107 young pigeons (up to 1 year old) submitted as 95 separate cases to the Veterinary Sciences Division, Stormont, Belfast, for postmortem examination between 1995 and June 2000. A sample of BF from all the pigeons had been fixed in 10% neutral buffered formalin and processed to paraffin. These were examined histologically and by ISH using the 2 PiCV-specific probes described below.
Other formalin-fixed, paraffin-embedded tissues were available for examination from some of the pigeons. These other tissues had been collected for histologic examination depending on the presenting history and the necropsy findings, i.e., those deemed useful in reaching a diagnosis, and so not all tissues were available from all cases. The following were examined by ISH: liver from 42 cases, kidney from 13 cases, brain from 16, trachea from 8, lung from 3, spleen from 3, bone marrow from 2, intestine from 5, heart from 2, and crop from 3.
Most pigeons were from racing pigeon lofts, but there were 3 speckled pigeons (owned by the local zoo) and 2 fantailed pigeons among the submissions. The birds ranged in age from 22 days to 1 year old, but most were aged from 4 weeks to 4 months. Most had exhibited clinical signs ranging through dullness, scour, going light, and less commonly, vomiting, respiratory distress, or nervous signs. In 9 cases, however, the birds had been presented as ''found dead.'' Of the 95 cases, known microbial pathogens (other than PiCV) were confirmed in 38 cases. A further 15 cases had enteritis, but no pathogens were recovered. Severe trauma was present in 3 cases.
Nucleic acid extraction, PCR, and cloning
The DNA was extracted from 25 mg of unfixed BF (sample 7050) that contained the botryoid inclusions characteristic of PiCV infection 18 using a commercial kit a according to the manufacturer's instructions. The PiCV-specific DNA was produced using degenerate primers that were designed to specify conserved amino acid regions within the replication-associated protein of BFDV and porcine circoviruses (PCV). The forward primer, 5Ј-TTCACCCTTAA-YAAYCCT-3Ј, was based on the FTLNNP amino acid sequence, and the reverse primer, 5Ј-CCRTSATATCCA-TCCCACCA-3Ј, was based on the WWDGY amino acid sequence, which in PCV is 184 amino acids downstream.
The PCR amplification using a commercial system b was carried out on 2 g of DNA extracted from virus-infected tissue at 94 C for 30 seconds, 52 C for 30 seconds, 68 C for 1 minute for 35 cycles. The DNA fragment (548 bp) produced following PCR was cloned into a plasmid c according to the manufacturer's protocol.
Preparation of probes
Three DNA probes were prepared. The first (the RP PiCV probe) consisted of the 548-bp DNA fragment from BF sample 7050 cloned in the plasmid c as described above, labeled with digoxigenin (DIG) by the random prime method using a commercial kit d according to the manufacturer's instructions. The second probe (RP control probe) was a control for the preceding probe and consisted of cloned plasmid c (no insert) labeled with DIG by the random prime method in the same manner as the RP probe described above. The third probe (the PCR PiCV probe) was produced by direct DIGlabeling of PiCV-specific DNA generated by PCR using a commercial kit. e The PCR was carried out according to the manufacturer's protocol using the PiCV-specific 548-bp clone as template with the degenerate primers at 94 C for 30 seconds, 55 C for 30 seconds, 68 C for 1 minute for 35 cycles.
In situ hybridization
In situ hybridization (ISH) was carried out on 5-m sections of formalin-fixed, paraffin-embedded tissue. Autoclaved distilled water was used for preparation of all solutions. Unless otherwise specified, all washes consisted of 2 ϫ 10 minutes treatments in 5 mM Tris-buffered saline (TBS; pH 7.6). The hybridization mixture was as previously described 1 except that it contained 1 ϫ Denhardt solution f and 200 g/ml carrier DNA.
The sections of paraffin-embedded tissue were placed on Superfrost Plus Gold microscope slides, g deparaffinized by immersion in xylene g for 5 minutes, followed by immersion in 99% methylated spirits for 3 minutes. Endogenous per-oxidase was blocked using 0.5% hydrogen peroxide in methanol for 20 minutes. Sections were briefly washed in autoclaved distilled water and then in TBS. Sections were then digested with protease 14 h at a concentration of 0.05 mg/ml in TBS at 37 C for 15 minutes. Sections were again briefly washed in autoclaved distilled water and then in TBS. Then 30 l of hybridization mixture containing the relevant probe at a concentration of approximately 20 ng per section was placed on each section. Coverslips were placed on top and sections were denatured at 90 C for 10 minutes, immediately cooled on ice, and allowed to hybridize for 18 hours at 37 C. Sections were washed for 2 ϫ 10 minutes at 37 C in 2 ϫ SSC (1 ϫ SSC ϭ 0.15 M NaCl, 0.015 M sodium citrate [pH 7.0]) (low stringency). For high-stringency conditions, the sections were then further washed consecutively in 0.2 ϫ SSC and 0.1 ϫ SSC, each for 5 minutes at 37 C, and then in 0.1 ϫ SSC for 5 minutes at room temperature. After washing in TBS for 10 minutes, slides were washed in 0.1 M maleic acid, 0.15 M NaCl, pH 7.5, for 10 minutes. Slides were incubated in 1% blocking reagent i in 0.1 M maleic acid, 0.15 M NaCl, pH 7.5, for 20 min at 37 C. Sections were then incubated in 0.5% peroxidase conjugated antidigoxigenin antibody j in 1% blocking reagent i in 0.1 M maleic acid, 0.15 M NaCl, pH 7.5, for 1 hour, washed in 0.1 M maleic acid, 0.15 M NaCl, pH 7.5, for 10 minutes and then TBS for 10 minutes. Sections were finally incubated in a freshly prepared solution of diaminobenzidine tetrahydrochloride k for 4-7 minutes. Sections were then washed in TBS and counterstained lightly with hematoxylin.
Specificity and sensitivity testing for ISH
Both the RP PiCV probe and the PCR PiCV probe were tested by ISH under conditions of high stringency and low stringency on sections of 3 known PiCV-infected BF (sections containing the characteristic botryoid inclusions). They were also tested under low-stringency conditions on tissues known to be infected with porcine circovirus 2 (PCV2), psittacine beak and feather disease virus (BFDV), chicken anemia virus (CAV), egg drop syndrome virus (EDSV), ovine adenovirus (OAV), bovine adenovirus type 10 (BAV10), a subgroup 2 bovine adenovirus (subgroup 2 BAV), phocine distemper virus (PDV), bovine viral diarrhea virus (BVDV), and bovine respiratory syncitial virus (BRSV). Because the PCR PiCV probe was found to hybridize with BFDV and PCV2 under low-stringency conditions, it was also tested against these viruses under the high-stringency conditions described above.
Also for control purposes, the RP control probe and DNA probes for EDSV, CAV, and subgroup 2 BAV were applied to selected test-pigeon sections. The latter included sections of all BF in which a positive result was obtained using the PiCV probes but where inclusions were not evident in adjacent hematoxylin and eosin stained (HE) sections and selected sections of liver, kidney, heart, lung, crop, and brain where there was positive hybridization with the PiCV probes. As an additional control, some test sections to which no probe was added were also included. * The number in parentheses is the revised figure obtained after reexamination of histologic sections from ISH-positive bursa of Fabricius (BF). Note that less than 5 inclusions were present in sections from these birds.
† This includes 2 BF of normal appearance and 5 depleted BF.
Results
Isolation and cloning of PiCV-specific DNA
A faint DNA band, approximately 550 bp in size, was detected in agarose gels when the product of degenerate primer PCR performed with DNAs extracted form circovirus-infected pigeon tissue, was analyzed by electrophoresis. Following cloning of the PCR product and nucleotide sequence determination, preliminary sequence analysis showed that some (20%) of the cloned inserts, while showing sequence homology with known PCV and BDFV sequences, were specific to a novel circovirus, PiCV. The full genomic sequence of this PiCV will be published elsewhere.
Sensitivity and specificity of the ISH technique and probes for detection of PiCV
RP PiCV probe. The RP PiCV probe hybridized with known cases of PiCV-infected BF under both low-and high-stringency conditions, although the labeling signal was less intense under high-stringency conditions. This probe did not hybridize with any of the tissues infected with BFDV, PCV2, CAV, OAV, BAV10, a subgroup 2 BAV, EDSV, BRSV, PDV, or BVDV when tested under low-stringency conditions. RP control probe. This probe did not hybridize with known PiCV-infected BF under low-stringency conditions.
PCR PiCV probe. When compared with the RP PiCV probe, the PCR PiCV probe usually, but not always, resulted in more extensive and intense labeling of known cases of PiCV-infected BF under conditions of low stringency. However, under conditions of low stringency, it also hybridized with sections of tissues known to be infected with BFDV and PCV2. It did not hybridize with tissues infected with any of the other viruses.
Under conditions of high stringency, labeling of the known PiCV-infected BF was less extensive and intense than under conditions of low stringency. The labeling reaction under the high-stringency conditions was also less extensive than that obtained using the RP PiCV probe under low-stringency conditions. However, under the high-stringency conditions, a hybridization signal was again obtained with the tissues known to be infected with BFDV and PCV2, although it was reduced in intensity.
ISH on bursa of Fabricius from test pigeon cases
Of a total of 107 BF tested by ISH, 95 (89%) were positive. Of 95 case submissions (a case could contain more than 1 bird), 85 cases (89%) were positive. The negative birds included the 3 speckled pigeons from the zoo. One of the 2 fan-tailed pigeons was positive. This was a higher incidence of infection than recog-nized by histologic screening for evidence of botryoid inclusions.
Sixty-four BF were screened blind, before our ISH technique was developed; inclusions were detected in 42 (66%). All 42 of these BF were confirmed as positive by ISH (Table 1) . Positive cells were often found in large numbers ( Fig. 1A ) and were present both in cortex and medulla of follicles and in interfollicular tissue. Intense staining occurred mainly in cytoplasm of macrophages or cells resembling reticular cells. Nuclear staining was also observed in some cases, but definitive identification of the cell types was not possible histologically. While most of these BF showed moderate to severe lymphocyte depletion, mild or very mild depletion was noted in a few.
Of the series of 64 BF screened blind, there were 15 ISH-positive BF in which no botryoid inclusions had been detected histologically (Table 1 ). These BF were first subjected to extensive testing (described above in Materials and methods, Specificity and sensitivity testing for ISH), which confirmed that the reaction was due to hybridization with the PiCV probes only. These 15 ISH-positive BF were then reexamined histologically in detail. They included 5 BF of relatively normal histologic appearance, 3 with acute lymphocyte degeneration, and 7 that were depleted. A few botryoid inclusions (less than 5) were detected in 3 of these BF; these BF showed no obvious lymphoid depletion. On careful scrutiny of HE sections of some of these and some of the other ISH-positive BF, single or multiple (up to 4 or 5) loosely aggregated small eosinophilic cytoplasmic inclusions were also recognized. The size and distribution of these corresponded with ISH labeling, indicating that they contained circovirus DNA. With experience, some of these, particularly those staining magenta, could be identified reasonably confidently as evidence of circovirus infection, but some of the small or less intensely stained circovirus inclusions could not be distinguished from apoptotic bodies or large mitochondria. In these cases, ISH was necessary to determine definitively the presence or absence of PiCV DNA. Furthermore, in some cases, these small inclusions were present in comparatively small numbers and could readily be overlooked.
Additionally, it was noted that, in some of the BF with botryoid inclusions and in some of the ISH-positive BF in which no botryoid inclusions were detect-ed, there were large cells with abundant foamy or flocculent cytoplasm that did not contain recognizable viral inclusions. Such cells seemed to be associated with PiCV infection, and cells with similar appearance were identified in some other tissues that proved to be infected (see below).
Of the series of 64 BF, 7 were ISH negative. These included 2 of normal histologic appearance and 5 that 42  13  3  5  8  3  16  3  2  2   29  6  3  3  2  1  3  3  1  1 were depleted or had granulomatous lesions suggestive of bacterial infection (Table 1 ). Of 7 (11%) BF that had no obvious lymphoid depletion or other obvious lesion, 5 were ISH positive. Fifteen (23%) were depleted or had other lesions and had no recognizable inclusions. Of these, 10 were positive and 5 were negative by ISH.
Examination of other tissues by ISH
The results of ISH examination of other tissues are summarized in Table 2 and are illustrated for small intestine, crop, liver, and kidney in Fig. 1 (B-F) . Large quantities of PiCV DNA were detected in the intestine of some pigeons. Infected cells were most often free within the lamina propria of the villi but were also present in mucosal lymphoid aggregates in 1 pigeon, which was 1 year old. Large cells that contained abundant cytoplasmic PiCV DNA (Fig. 1B) were sometimes recognizable in adjacent HE sections as cells with abundant pale staining cytoplasm ( Fig. 2A, 2B ). Sometimes small eosinophilic cytoplasmic inclusions were recognizable within the cytoplasm of these cells.
The PiCV DNA was found in both epithelial and subepithelial cells of the crop (Fig. 1C) . In the liver, PiCV DNA was most commonly found in cells lining the sinusoids, thought to be Kupffer cells (Fig. 1D) . However, positive cells were also found within lymphoid aggregates and within discrete clusters of degenerate hepatocytes (Fig. 1E, 2C) . The vast majority of the labeled DNA was intracytoplasmic, but the possibility that some was intranuclear cannot be excluded by histologic examination. Occasional cytoplasmic inclusions were recognized in some of the histologic sections of liver, but these were rarely considered pathognomonic and were sparse compared with the amount of PiCV DNA detectable by ISH. In the kidney, labeling was usually found in cells of the interstitium (Fig. 1F ) and less commonly in lymphoid aggregates. However, in 1 bird, staining was located predominantly in glomeruli.
In the brain, labeling was confined to vascular endothelium. In the heart, lung, and tracheas that were ISH positive, the positive cells were located mainly in the interstitium, but occasional positive cells were seen in the epithelium of trachea and airways in the lung. One of 2 bone marrows examined had positive cells within lymphoid aggregates. This marrow had noticeably less hematopoietic cells than the ISH-negative marrow, which was from a bird of similar age.
In 4 ISH-positive cases, granulomatous lesions with intralesional bacteria were present in the lung, liver, intestinal serosa, and BF. Heavily PiCV DNA-positive macrophages were present at the periphery of some of these granulomata.
In all tissues except BF, botryoid inclusions were an unusual finding, and when present, they were found in spleen (note that only 3 spleens were examined) or usually in lymphoid aggregates within other organs. The HE sections of some markedly ISH-positive tissues were examined carefully for evidence of specific changes associated with infection. Apart from rare cytoplasmic inclusions and the large cells with abundant pale cytoplasm that were occasionally observed, no pathognomonic changes were found. However, other pathologic changes were often observed (e.g., necrosis, inflammation), but usually these could have been attributed to other infectious processes present in the birds (e.g., septicemia, inclusion body hepatitis). Thus, histologic diagnosis of PiCV infection in other organs was uncommon.
Discussion
Degenerate primers were designed using existing published sequence information for the circoviruses BFDV and PCV and applied in a PCR reaction to known PiCV-infected BF. A 548-bp DNA fragment was successfully amplified, cloned, and shown by nucleotide sequencing to be specific to a novel circovirus, PiCV. The cloned PiCV-specific fragment was used to prepare 2 probes that contain the same DNA sequence but that had been labeled with DIG by 2 different methods. Testing of these probes showed that both hybridized with known PiCV-infected BF. Particularly in view of the high rate of positivity obtained during our study and the large quantities of labeling in some tissues where infection might not otherwise have been suspected, extensive testing of the ISH technique was done for control purposes. This included use of several control probes and omission of probe and also testing of the PiCV probes on a range of related and unrelated diseased tissues from chickens and mammals. These tests used low-stringency conditions in order to maximize the chance of detecting low-level homologies that could cause false-positive results. The tests showed that the RP PiCV probe was specific for PiCV using ISH even under low-stringency conditions. The PCR PiCV probe was more sensitive for detection of PiCV DNA, but it also hybridized with BFDV-and PCV2-infected tissue. Since the PCR PiCV probe hybridized with 3 different known circoviruses and did not hybridize with tissues infected with any of the other viruses, it may have application in the detection or confirmation of circovirus infection in other species. The increased sensitivity of the latter probe is considered to be a consequence of the superior DIG labeling achieved using the PCR method.
There are now numerous reports in the literature of the occurrence of PiCV infection, but there is little information on the prevalence of infection. Serologic tests for detection of PiCV infection would allow screening of live populations for prevalence of circovirus infection, but such tests are currently not available. In a study of diseased birds from racing pigeon lofts, PiCV infection was present in at least 58%, based on histologic detection of the characteristic botryoid inclusions in BF. 11 In another study, atrophy of the BF was found in 53 of 80 meat pigeons at slaughter, and the atrophy was attributed to PiCV infection. 2 Histologic screening of BF from diseased pigeons in the present study established a similar infection rate (66%) to that previously reported. 11 However, application of the PiCV probes by ISH to BF from the pigeons of the present study, which had been submitted unsolicited for examination, revealed that the incidence of infection was much higher (89%) than could be detected by histologic examination. Since current evidence suggests that PiCV may be immunosuppressive, the high prevalence of PiCV infection in diseased birds is noteworthy. It will be interesting in due course, as other tests become available, to establish the incidence of infection in healthy birds. In this respect, it has been shown that infection was present in apparently normal birds collected for study of hematopoiesis 8 and in apparently healthy meat pigeons. 2 These findings separately and together emphasize the need for controlled studies to establish conclusively the effects of PiCV infection.
The present study has also shown that PiCV DNA can be widespread in many tissues of infected birds. This is perhaps not surprising because both BFDV and PCV2 can be widely disseminated in psittacine birds and pigs, respectively. 5, 6, 9 Liver was frequently found to be infected, often with large amounts of virus DNA present. Such infection of liver has also been reported recently by others. 15 Therefore, liver should be examined in young birds where BF is not available. It would also be of interest to examine liver from older birds where the BF has atrophied to determine if liver would be a useful organ to examine for the purposes of detecting infection in such birds.
Like the other known avian circovirus BFDV, PiCV was detected in a variety of epithelial tissues and thus is likely to be present in many excretions/secretions from the body. Demonstration of infection of the epithelium of the crop was interesting and may be significant in the spread of infection if it also occurs in mature birds feeding young. Infection of the epithelium of the crop has also been recognized in psittacine birds infected with BFDV. 6 In conclusion, the present article has described sensitive and specific detection of PiCV infection by ISH. Using this technique, we have been able to demonstrate that the prevalence of infection in diseased birds is very high and that large amounts of PiCV DNA can be present in nonlymphoid organs. This study has also illustrated clearly that relying on histologic examination alone will result in underdiagnosis of infection. Nonetheless, until other diagnostic methods become available, histologic screening of BF remains an important method for detection of such infection, and it retains the advantage that it is less labor intensive than ISH. In situ hybridization could perhaps be used most effectively as a routine test in cases deemed negative by histology. Very recently, full sequence information for DNA of a circovirus from a pigeon has been published, 7 so other simple and effective PCR-based tests that may also be applied to living animals should be forthcoming. Further work is needed to establish conclusively the role of PiCV as a disease-producing agent. 
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